Abstract Quantification of runoff is critical to estimate and control water pollution in urban regions, but variation in impervious area and land-use type can complicate the quantification of runoff. We quantified the streamflow contributions of subwatersheds and the historical changes in streamflow in a flood prone urbanizing watershed in US Midwest to guide the establishment of a future pollution-control plan. Streamflow data from five nested hydrological stations enabled accurate estimations of streamflow contribution from five subwatersheds with variable impervious areas (from 0.5% to 26.6%). We corrected the impact of Missouri river backwatering at the most downstream station by comparing its streamflow with an upstream station using double-mass analysis combined with Bernaola-Galvan Heuristic Segmentation approach. We also compared the streamflow of the urbanizing watershed with seven surrounding rural watersheds to estimate the cumulative impact of urbanization on the streamflow regime. The two most urbanized subwatersheds contributed >365 mm streamflow in 2012 with 657 mm precipitation, which was more than fourfold greater than the two least urbanized subwatersheds. Runoff occurred almost exclusively over the most urbanized subwatersheds during the dry period. The frequent floods occurred and the same amount of precipitation produced~100 mm more streamflow in 2008-2014 than 1967-1980 in the urbanizing watershed; such phenomena did not occur in surrounding rural watersheds. Our approaches provide comprehensive information for planning on runoff control and pollutant reduction in urban watersheds.
Introduction
Freshwater is one of the most essential natural resources. However, fresh water security for human uses is threatened by a growing human population and a changing climate (Arnell 1999; Vörösmarty et al. 2004) . Human activities have dramatically altered the water cycle by changing the temporal and spatial distribution of water, including surface water diversion, irrigation, industry and urban use (Gleick 1998; Poff et al. 2006; Vörösmarty et al. 2004) . Similarly, water pollution increasingly impacts human water security and ecosystem health and services globally (Vörösmarty et al. 2004; Walker et al. 2006) .
Human modifications to hydrologic systems are pronounced in urban areas (Grimm et al. 2008) . High impervious surface area and hydraulically efficient drainage systems can increase the flashiness of urban storm flow, and increase the flow volume and flood frequency (i.e. urban stream syndrome) (Boyd et al. 1993; Hollis 1975; Jacobson 2011; Walsh et al. 2005 ). Urban runoff is also related to urban water pollution as pollutants on urban surfaces can be washed away by runoff into receiving water bodies (Paul and Meyer 2008; Sartor et al. 1974; Weibel et al. 1964) .
Accurately estimating the amount and timing of runoff is crucial to estimating and controlling pollution in urban areas. As an extensively used measure to control water pollution by United States Environmental Protection Agency (EPA), the total maximum daily load (TMDL) is identified as Bthe sum of the individual waste load allocations for point sources and load allocations for nonpoint sources and natural background^(United States. Clean Water Act, sec. 303(d)). Reduction of runoff can be used as a surrogate for pollution reductions in a TMDL. However, because of the inherent heterogeneity of development in urban areas (Cadenasso et al. 2007; Irwin and Bockstael 2007) , it is challenging to estimate the spatial variations of runoff and pollutant transport in urban subwatersheds that may differ considerably in impervious area and land use.
The overarching goal of this study was to estimate the spatial and temporal variations of streamflow in a polluted urban stream in the US Midwest. The results provide information for planning on runoff control and pollutant reduction. The first objective is to estimate spatial variations in streamflow contributions and their relationships to impervious areas in subwatersheds. A nested hydrological station network (e.g. McNamara et al. 1998; Zillgens et al. 2007 ) in this urban stream enabled this objective. The second objective was to estimate the scale of the change in streamflow, given recent surges in urban development, by comparison to surrounding rural streams.
Methods

Study Sites
The Hinkson Creek watershed (HCW) is located in Lower Missouri-Moreau River Basin (LMMRB, HUC 10300102) in central Missouri, .41 W, Fig. 1 ). The primary stream type of Hinkson Creek is Bperennial runoff-flashy^ (Kennen et al. 2009 ); its hydrograph is dominated by runoff with a low baseflow index from approximately 0.05 (dry year; in terms of the baseflow to precipitation fraction) to 0.20 (wet year) (Hubbart and Zell 2013) . It has a drainage area of 231 km 2 with an elevation range from 170 to 287 m. Hinkson Creek is approximately 51 km in stream distance. Approximately 2/3 of the stream distance flows from the northeast headwaters to the southwest and the lower 1/3 of the drainage flows westwards until merging with Perche Creek approximately 14 km from the Missouri River. Soils are loamy loess with an underlying claypan towards the headwater and silty and sandy clay in the lower reaches (Hubbart and Zell 2013) . Hinkson Creek flows through the city of Columbia, which has 60% of its land area located inside HCW. It is a fast growing city with its population more than tripled from 1950 to 2010 (31,974 vs. 108,500) based on U.S. Census data. Urban area in HCW increased from 7.9% in 1993 to 20.7% in 2005; in contrast, grassland decreased from 48.6% to 38.2%, forest from 29.7% to 26.9%, and row crop from 13.1% to 11.5% during the same period (c.f. EPA 2011).
Understanding runoff contributed from subwatersheds is greatly needed for pollution control purposes in HCW and other such urbanizing watersheds, but clear understanding is limited (Hubbart et al. 2010) . Hinkson Creek was listed on the EPA's Missouri 303(d) List for Bunknown^pollutants due to urban runoff and urban nonpoint source in accordance with the Clean Water Act in 1998. Hinkson Creek is among more than 350 water bodies in the state of Missouri that were identified as impaired or limited for beneficial uses since 2000 (c.f. Hubbart 2012). Stormwater runoff was used as a surrogate for pollutants and targets of runoff reduction was set in a TMDL for different areas in the HCW by the US Environmental Protection Agency (EPA) (EPA 2011). However, the TMDL was later refuted in a lawsuit due to the weak scientific basis. A better understanding of the runoff contribution in sub-regions was hence in demand for a more scientific-based plan of pollutant reduction, which can be accepted by both government agencies and local municipalities. This provided the impetus for the current work. The HCW is located in a semi-karst geological region, where rapid infiltration and movement of water are expected. Based on data from two rural watersheds neighboring the HCW (33.3 km 2 and 34.0 km 2 ; <3% urban area; Lerch et al., 2001) , there were on average 35 and 56 mm year −1 (3.8% and 6.1% of annual precipitation) of water respectively infiltrated into underground caves and flow to resurgences in a three year period (April 1999 -March 2002) (Lerch et al. 2005) . Investigating soil infiltration processes in the HCW is beyond the scope of the current study, shallow groundwater flow will be discussed in terms of the possible impact of semi-karst on streamflow in the supplementary material.
Impervious Area
We estimated the impervious area of our study area based on the data from the 2001 National Land Cover Database (NLCD) (Homer et al. 2007 ), 2006 Xian et al. 2011) , and 2011 (Homer et al. 2015) . The NLCD provided the fraction of impervious area in 30 m grids. We estimated the impervious area data for the subwatersheds of the HCW from NLCD and estimated the changes from 2001 to 2006, and from 2006 to 2011.
Hydrometeorological Data
A nested hydrological and meteorological station network was established in Hinkson Creek in 2008 ( Fig. 1 ) (Hubbart et al. 2010; Zeiger et al. 2015) . Monitoring stations were identified as Station #1 (upstream) through #5 (downstream) (Fig. 1 , and precipitation (Campbell Scientific, Inc. TE525 Tipping Bucket Rain Gauge). All measurements except water depth at station #4 were sensed in 10s intervals, and then five-minute mean data were calculated and recorded with data loggers (CR-1000, Campbell Scientific). Soil moisture data were used to indicate drought status in the HCW for the current work. Soil moisture was measured at multiple depths with water content reflectometers (Campbell Scientific Inc., Model CS616-L) at a station 1.6 km to the east of Station #4 which was located in a natural setting without impacts of impervious area. Data from 5 and 51 cm depth were used. The HCW was subdivided into subwatersheds (SW) as SW1 -SW5 in accordance with the five hydrological stations; each subwatershed only contained the area that was not covered in the upstream subwatershed (Fig. 1 , Table S1 ).
Streamflow Contributions by Subwatersheds
The nested hydrological stations allowed the separation of the streamflow contribution of each subwatershed (Q s , mm). For SW2, SW3, SW4, and SW5, streamflow was first subtracted at the inlet station from those at the outlet station of each subwatershed (e.g. streamflow contributed by SW3 was estimated by subtracting streamflow at station #2 from those at station #3). The cumulative differences in streamflow were then converted to mm by applying the time duration and the area of the subwatershed. Because subwatersheds differed remarkably in the percentage of impervious area within the HCW, this spatial comparison revealed how different intensities of urbanization had changed the flow regime across subwatersheds. We present only 2012 data for the subwatershed analysis because of the applicable range of rating curves of station #1, 2, 3, and 5 (see supplementary materials and Fig. S2 ). A drought spread across most of United States in 2012 with most severe conditions occurring in the Midwest (Bell et al. 2015; Mallya et al. 2013) , including the HCW. Investigating subwatershed urban runoff during a dry year also highlighted the impact of runoff on the hydrograph as baseflow comprised only~5% of streamflow at station #4 in the year with 657 mm of precipitation (Hubbart and Zell 2013) .
Backwatering
Periodic backwatering occurred at the most downstream station #5 due to high water levels of the Missouri river. Corrections were therefore necessary for reasonable streamflow estimations. During backwater events, the energy slope decreases and the stage-discharge rating curve could overestimate streamflow. The backwatering was first identified by using linear regressions between station #5 and another hydrological station without backwatering; we used #4 in this case as it presumably had the most accurate rating curve and hence streamflow estimation among five stations. Second, we also used the double-mass analysis (Kohler 1949; Searcy and Hardison 1960) to both detect backwatering and correct streamflow data. We reduced the data from 5 min intervals to hourly at station #1, 2, 3, and 5 to match the time step of station #4. We then plotted cumulative streamflow of station #4 against other four stations. The cumulative streamflow of each station should hypothetically conform to a straight line except during backwatering periods. Following backwatering, the linear relationship between #4 and #5 would conceivably resume to the original slope (see Section 3). Using this method, it was possible to estimate the differences between two lines which indicated the overestimated streamflow at station #5 due to backwatering.
Third, we enhanced the backwater-detecting with a statistical approach to identify backwater events. The backwater events were visually determined when we used the aforementioned double-mass analysis (see Section 3); therefore, we used the Bernaola-Galvan Heuristic Segmentation (BGHS, Bernaola-Galván et al. 2001) approach to statistically determine the backwater events. The BGHS approach splits a non-stationary time series into stationary segments with different mean value; a brief description of this approach is included in the supplementary material. We ran the BGHS test for the cumulative differences in the hourly discharge between station #5 and #4 to find possible cut points. These cut points indicated the abrupt changes in the time series, which may represent backwater events.
Hydrometeorological Data of Surrounding Area
We estimated the cumulative impact of urbanization on streamflow in HCW by comparing the streamflow of Hinkson Creek to surrounding rural watersheds. We searched streamflow data from hydrological stations within a 100 km radius of station #4 in USGS database (Table S2 , Fig. S1 ). We only picked stations from the same primary stream type as Hinkson creek (i.e. perennial runoff -flashy; Kennen et al. 2009 ) and with records longer than Hinkson #4 (i.e. 1967). Seven monitoring stations met these criteria (Table S2 ). All seven stations were located in rural areas with low impervious area (≤ 1.5%) (Table S2 , Fig. S1 ). Annual streamflow depth (mm year ) by applying the area of each watershed (Table S2) to facilitate comparisons across watersheds. We also tested if the urbanizing watershed and rural watersheds changed differently in annual streamflow (Q) and annual streamflow to precipitation ratio (Q/P ratio). Data for precipitation were averaged from eight surrounding meteorology stations within 100 km of Hinkson station #4 (see supplementary material).
We tested the change of flow regime using a hydrological data analyzing tool, Streamflow Analysis and Assessment Software (SAAS, version 4.0) (Metcalfe and Schmidt 2014a) . Four outputs of SAAS were used to compare the flow regimes across sites and time periods, including the flow duration curve, rate of change of flow, and flood frequency, and base flow index (BFI). Approaches for estimating these factors can be found in Metcalfe et al. (2013) and Metcalfe and Schmidt (2014b) . In brief, the standard method in SAAS applies the data from an entire period to generate flow duration curves (FDCs) as opposed to estimating FDCs for each year. The rate of change of flow was calculated based on the change rate for rising and falling limbs of flow events. When daily data were used, the rate of change was calculated by dividing the daily rates of change by 24. The flood frequency was analyzed using the Log-Pearson Type III method (Chow et al. 1988 ). To estimate BFI, an automated approach (Nathan and McMahon 1990) was first used to separate base flow from streamflow in the SAAS program. The separation was based on a recursive digital filter (i.e. Lyne-Hollick digital filter) (Lyne and Hollick 1979) , which is commonly used in signal analysis and processing, and is defined as:
where f k is the filtered quick response flow at the k th sampling instant, y k is the original streamflow, and a is the filter parameter. The a value of 0.925 was recommended by Nathan and McMahon (1990) and used in SAAS. Base flow was estimated as y k − f k , and BFI was calculated as total baseflow/total flow of all sampling instants. We analyzed the streamflow regime at Hinkson #4 and three other gauge stations with matching records to Hinkson #4 (1st period, October 1, 1967 -September 30, 1981 and 2nd period, October 1, 2007 -September 30, 2014 . Those three sites were South Fork (S. F.) Salt River, Mussel Fork River, and Blackwater River (Table S2 ). Daily data of full years are required by SAAS, therefore October 1st was selected as the start date for each period to maximize the number of years of Hinkson #4 that could be analyzed. Daily streamflow and annual maximum flow were used as input. Peak flow data were not complete for S.F. Salt River station, so the peak flow was not applied as an input. SAAS documentation recommended a 20-year record for reliable analysis of flow regimes (Metcalfe and Schmidt 2014b) , but the two periods at Hinkson #4 were 15 and 8 years respectively. It was hence possible that the flow regimes of these two periods were underrepresented by the existing data. We addressed this deficiency by comparing across gauge stations to see if flow regimes changed in the same direction from the 1st to the 2nd period at each station.
Moreover, we applied linear regression to test if the relationship between precipitation and streamflow had changed through time. Given the streamflow regime stayed unchanged through time, the regression model between precipitation and streamflow based on one period should be applicable to other periods. Conversely, if the streamflow regime did change, the model would fail in other time periods to accurately simulate streamflow. We first used linear regression between annual P and Q in late years (2008) (2009) (2010) (2011) (2012) (2013) (2014) to estimate streamflow before 2008 at eight gauge stations (Fig. S9) ; we then conducted the same estimation with the linear regression based on early years (1967) (1968) (1969) (1970) (1971) (1972) (1973) (1974) (1975) (1976) (1977) (1978) (1979) (1980) . As only four stations had complete data for early years (i.e. #4, S.F. Salt River, Mussel, Fork, and Blackwater River; Table S2 ), regression models were created for early years using only those four stations.
Results
Impervious Area
We analyzed the impervious cover in 2001, 2006, and 2011 to characterize the rate of change in urbanization among subwatersheds (Fig. S3) . The two rural subwatersheds, SW1 and SW2, had small impervious areas (0.5% and 3.6% respectively in 2011) and correspondingly small increases in impervious area from 2001 to 2011 (0.0% and +1.4%, respectively). The two most urbanized subwatersheds, SW3 and SW5, had impervious areas >20% in 2001 and >25% in 2011. The subwatershed including downtown Columbia, SW5, had a small increase in impervious area (+1.0% in 10 years). In contrast, impervious area in SW3 increased dramatically by 6.0% in the 10-year period. SW4 also had a substantial increase in impervious area (+4.1% in 10 years). Because stream water from SW3 and SW4 passes station #4 and #5, changes at those monitoring sites should be anticipated during this time period.
Backwater
We removed the impact of backwater on streamflow estimation prior to estimating the impact of urbanization on streamflow contributions in sub-regions of HCW. Besides the subjective judgment from hydrograph (see supplementary material), a scatter plot between target stations and a reference station was used to identify backwater events. We used Hinkson #4 as the reference station (i.e. independent variable, Fig. 2a ) which had the closest distance and amount of streamflow to #5 in the HCW. We plotted mean daily discharge of #4 against the other four stations in the HCW (Fig. 2a) . The linear regressions between station #4 and #1, 2, 3, and 5 (all p < 0.01) explained 89%, 93%, 97%, and 92% of the variance in streamflow discharge respectively. As we knew backwatering occurred at station #5, we drew an arbitrary line for station #5 as the likely relationship between station #4 and #5 when no backwatering occurred (Fig. 2a) . Using this approach, it was then possible to identify at least five days with backwater: March 21, March 22, April 16, April 30, and May 1, 2012. However, it turned out that April 16, 2012 was not a backwatering day if another approach (next paragraph) was applied using the double-mass analysis.
The double-mass analysis was used to detect backwatering and correct for its influence on flow estimations (Fig. 2b) . At station #1, 2, and 3, where no backwatering occurred, cumulative mean hourly discharge (m 3 s −1
) increased linearly with the cumulative mean hourly discharge at station #4 (C #4 , m 3 s
−1
). In contrast, cumulative mean hourly discharge at station #5 (C #5, m s −1 ) did not increase with C #4 in a strict linear pattern; C #5 escalated three times beyond the original #4 vs #5 slope (Fig. 2b) . The first two times (March 21-22 and April 30-May 1) presumably correspond to periods of backwatering (confirmed by BGHS approach, see the next paragraph). Dashed lines in Fig. 2b indicate the slope between C #5 and C #4 when no backwatering occurred at station #5. The lowest dashed line is the linear regression line between C #5 and C #4 (C #5 = 1.31S #4 -29.39). We then used the fixed slope (b = 1.31) to fit the data for March 23 -April 29, 2012 and May 1-4, 2012, and the regressions were C #5 = 1.31 C #4 + 844.37 and C #5 = 1.31C #4 + 1871.66 respectively. Backwatering occurred from March 21-22, 2012 and April 30 -May 1, 2012 at station #5 when C #5 shifted to another dash line (Fig. 2b) . The differences in the intercept between neighboring dash lines were used to remove the backwatering effect on estimating streamflow with the stage-discharge rating curve at station #5. The differences in m The BGHS method confirmed the estimation of backwater events using visual judgement based on double-mass analysis. We found five significant break points (Fig. 2c) . The first two break points (Fig. 2c, April 30 and March 21, 2012) matched the two backwater events determined visually by the double-mass approach. Three additional break points (point 3-5 in Fig. 2c ) in low flow period (Jan 18, Feb 4, and Feb15) were unlikely backwater events. These backwater events were attributed to the high water levels of the Missouri river that increased the gauge height at #5, and caused backwater events and hence overestimation of discharge using the rating curve, but the gauge heights were low during these three events and no overestimations of streamflow were apparent as shown in Fig. 2b . Moreover, when we used hourly discharge data for the October 2010 -February 2014 period for the BGHS analysis, only April 30 and March 21, 2012 were significant breakpoints (Fig. S5 ).
Streamflow Contributions in Subwatersheds
Subwatersheds varied in streamflow contributions. SW1 and SW2 contributed the lowest streamflow in 2012 among the five subwatersheds with 59.8 and 76.5 mm respectively; SW4 contributed 174.3 mm (Fig. 3) . Two most urbanized subwatersheds, SW3 (365.2 mm) and SW5 (369.8 mm, after applying backwater correction), contributed more than fourfold of the least urbanized SW1 and SW2 (Fig. 3a) . As a result, the Q s /P ratio increased with impervious area among subwatersheds (SW1 -SW5; R 2 = 0.96, p < 0.01) and total drainage area of five gauge stations (W1-W5, R 2 = 0.94, p < 0.01) in 2012 (Fig. 3a) . We split the year 2012 into wet and dry periods and estimated the Q s values in two periods. The wet and dry periods were determined based on the soil water status. Soil moisture at 5 cm depth decreased sharply in mid-May (Fig. S4) and we hence used the May 28 precipitation event as the break point between the wet (Jan 1 -May 27, 2012) and dry (May 28 -Dec 31, 2012) period. The Q s /P ratio was higher for all subwatersheds (W1-5 and SW1-5) in the wet period than the dry period (paired t-test, p < 0.01). The Q s /P ratio significantly increased with imperviousness in the wet period (SW1 -SW5; R 2 > 0.99, p < 0.01; W1-W5, R 2 = 0.97, p < 0.01), but the relationships were not significant at α = 0.05 for the dry period (p = 0.06 for SW1-5; p = 0.07 for W1-5) (Fig. 3b and c) . 
Historical Changes in Streamflow
We analyzed the changes of annual Q and Q/P ratio from 1967 to 2014 for Hinkson #4 (with gaps in 1981-1986 and 1991-2007) and across seven rural stations within 100 km of station #4. Although precipitation did not increase, the Q/P ratio has increased at α = 0.05 by 0.0037 year −1 at Hinkson #4 (N = 25, R 2 = 0.16, p = 0.03) from 1967 to 2014 (Fig. S8) . In comparison, the mean Q/P ratio of rural stations did not change during the same period (p = 0.92) (Fig. S8c) . Annual Q data did not pass Shapiro-Wilk normality test for normality (p < 0.01) for both Hinkson #4 and the means across seven rural stations (Fig. S8b) . We therefore log-transformed the Q data (LnQ) and LnQ passed the normality tests. LnQ did not change at α = 0.05 for the seven-station mean (p = 0.91) and Hinkson #4 (p = 0.09).
The relationship between annual Q and P has changed at Hinkson #4, but has not changed in surrounding gauge stations (Fig. 4) . We first calculated linear regressions between annual P and annual Q of each gauge station (Fig. S9 ) for early years (1967) (1968) (1969) (1970) (1971) (1972) (1973) (1974) (1975) (1976) (1977) (1978) (1979) (1980) and late years (2008) (2009) (2010) (2011) (2012) (2013) (2014) ; all regressions had p < 0.01 and R 2 > 0.73 except the late year model for Maries (p = 0.05, R 2 = 0.47). We then modeled annual Q from P using those linear regressions. Results (Fig. 4a) show that the early-year model (mean bias difference (MBD, the closer to 0 the better) = 16.9 mm, root-mean-square difference (RMSD, the closer to 0 the better) = 22.9 mm, Nash-Sutcliffe efficiency (NSE, the closer to 1 the better) = 0.78; N = 14; see supplementary material for detail descriptions of these three metrics) underestimated late- Fig. 4 Annual observed Q and simulated Q using linear regressions with annual precipitation for Hinkson #4 (Fig. a) . Fig. b and c show the residual between simulations and observations using the 2008-2014 model (b) and 1967-1908 model (c) . We also applied the same analysis to seven surrounding gauge stations (Fig. S7) Moreover, we compared the residuals between simulated and observed (Sim.-Obs) at Hinkson #4 with the mean residuals across gauge stations (Fig. 4b and c) . The residuals using late-year model at station #4 was larger than those using the seven-station mean from 1967 to 1981 (paired t-test, N = 14 years, p < 0.01). Similarly, the residuals using early-year model at station #4 were smaller than those using seven-station mean from 1987 to 2014 (paired t-test, N = 11 years, p < 0.01). The mean residual was −101 mm for late years using early-year model and 98 mm for early years using late-year model at station #4. This indicates that the same amount of precipitation created approximately 100 mm more runoff in late years relative to early years at Hinkson #4.
We compared variations in the flow regime between early and late years across four gauge stations (Hinkson #4, S. F. Salt River, Mussel Fork, and Blackwater River) (Fig. 5 ). Data were scaled to area base to facilitate comparison across stations. The general patterns between the 1967 -September 30, 1981 and the 2nd (October 1, 2007 -September 30, 2014 period were similar at four stations in flow duration curve ( Fig. 5a-d ) and rate of change ( Fig. 5e-h ). However, the flood frequency (Fig. 5 i-l) was very different across four stations in two periods. Station #4 had higher streamflow in the 2nd period relative to the 1st period for floods with any return period, but the other three stations had lower streamflow in the 2nd than the 1st period for floods with return period ≥10 years. This indicated that flooding has likely become more severe at #4 but not at the other three stations. Moreover, the baseflow index decreased at station #4 but not at the other three stations. BFI reduced from 12.4% to 9.5% at station #4 from the 1st to the 2nd period while all other three stations showed increased BFI (Table S4 ).
Discussion
This study provided key information for the planning on runoff control and pollutant reduction in the urbanizing watershed in two ways. First, we estimated the historical impact of impervious area on streamflow in the HCW by comparing with surrounding rural watersheds. Approximately 100 mm streamflow was produced in 2008-2014 than 1967-1980 in the HCW with the same amount of precipitation; flooding became more severe at HCW but not at surrounding rural stations. These results will be useful for setting up a realistic runoff reduction goal. Second, nested watersheds provided necessary information to quantify the streamflow contributions and the impact of impervious area on the streamflow regime across subwatersheds in the HCW. The Q s /P ratio increased with impervious area (Fig. 4) . The contribution of streamflow was more than quadrupled at two subwatersheds with the highest impervious area (SW3 and SW5; 365.2 mm and 369.8 mm, respectively) relative to two subwatersheds with the lowest impervious area (SW1 and SW2; 60.6 and 76.7 mm, respectively) based on the 2012 data. Moreover, the relationship between Q s /P ratio and imperviousness are different in the dry and wet period and runoff occurred only over the impervious area during the dry period (Fig. 3 , similar to Furusho et al. (2014) ). This finding indicates that management plans for runoff reductions should be different between wet and dry period. These estimations of streamflow contributions at the subwatershed level provide compelling argumentation in favor of establishing a TMDL for each distinct region of the HCW. This approach should be more scientifically sound than the refuted former TMDL (i.e.EPA 2011), which used data only from station #4. Results from nested hydrological stations like this study should also be useful for future studies pertaining to spatial variations in pollution, water quality, flood, and aquatic biology in urbanizing watersheds.
Results of this study may serve as the baseline for future studies of flood control efficacy in the HCW. Flood control facilities have been constructed in the HCW and there may be some indications of the efficiencies of those facilities in SW4, where most facilities have been constructed. Although SW4 had higher impervious area than W5 (13.0% vs. 9.6%), the Q s /P ratios were similar in SW4 and W5 for the whole year (0.27 vs. 0.29), the wet period (0.45 vs. 0.42), and the dry period (0.04 vs. 0.12) of 2012 (Fig. 3) . Flood controlling retention and detention facilities have been installed at the eastern portion of SW4 (i.e. part of the University of Missouri campus, which is the largest contributor of impervious area in SW4). These facilities should reduce the flashiness of the storm runoff and increase infiltration (McCuen et al. 1983; Miller et al. 2014; Walsh et al. 2012) . It was also possible that the low connectivity of impervious area limited runoff in SW4 relative to W5. At the time of this study, the impervious area in SW4 was scattered throughout the drainage (Fig. 1b) ; in contrast, the impervious area was mostly connected (i.e. continuous) in W5, especially in SW3 and SW5 (Fig. 1b) . The low connectivity of the impervious area can alleviate the impact of the impervious area by routing runoff to pervious areas (Jacobson 2011; Roy and Shuster 2009; Shuster et al. 2005) . As SW4 has been experiencing fast development (Fig. S3) , scattered impervious area may become continuous and thus connected in the future. It would therefore be informative to continue monitoring the Q s from this area for improving understandings about the effectiveness of flood control structures and the impacts of the connectivity of the impervious area on streamflow.
We used a double-mass approach combined with a BGSH method to both detect backwater events and correct the amount of streamflow at station #5 (Fig. 2) . This approach provided a more convenient method relative to regression based corrections in our study for two reasons. First, because of the time lag of stormflow peaks among stations, if using daily data, the peak may occur in one day at an upstream station but in the next day at a downstream station (e.g. peak on April 15, but on April 16, 2012 at #5). Such difference in peak timings would affect the correlations between two stations. Second, it was more straightforward to detect backwatering events using the double-mass and BGSH approach relative to regression-based approaches. Second, the BGSH method avoided the subjective judgement of the backwater events and provided a means to statistically and automatically determine the backwater events. For example, the April 16, 2012 event was likely determined as a backwatering event at station #5 based on regression-based approaches (Fig. 2a) . It was clearly not a backwatering but a lag of peak between station #4 and #5 based on visual judgement using double-mass approach (Fig. 2b) , which was then confirmed with the BGSH approach (Fig. 2c) . This double-mass plus BGSH approach should be further tested for its efficacy in detecting and correcting backwatering events.
Conclusions
Streamflow/precipitation ratio increased in HCW since 1967. Based on comparisons with surrounding rural watersheds, the increased streamflow was related to the urbanization in HCW. The same amount of precipitation produced~100 mm more streamflow in 2008-2014 than 1967-1980 in HCW but not in the rural watersheds. Nested watersheds facilitated quantitative understanding of the impact of impervious area on the amount of streamflow in HCW. Five nested hydrological stations split the watershed into five subwatersheds and the contributions of streamflow were estimated for each subwatershed. Two most urbanized subwatersheds, SW3 (365.2 mm) and SW5 (369.8 mm), contributed more than fourfold of the least urbanized SW1 (59.8 mm) and SW2 (76.5 mm) in the year 2012. The nested watersheds may also facilitate distinguishing the impact flood control facilities and backwatering on the amount of streamflow. The scale-nested experimental watershed approach used in the current work provides a valuable model for future studies in urbanizing watersheds.
